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Abstract: 3D printing of denture artificial teeth with resin materials is worthy of study in a novel way.
This study evaluated chipping and indirect tensile fracture resistance of 3D printing resin material
(Dentca 3D printing denture teeth resin) compared with conventionally prefabricated resin denture
teeth (Premium-8, Surpass, SR-Orthosit-PE, and Preference). One hundred tooth specimens were
prepared for testing. The 3D printed tooth specimens were printed at a 50 µm layer thickness
with methacrylate-based photopolymerized resin by stereolithography 3D printing. Chipping and
indirect tensile fracture tests were conducted at a speed of 1 mm/min until fracture. The indirect
tensile fracture loads of the 3D printed resin teeth were higher than those of Premium-8, Surpass,
and SR-Orthosit-PE, and lower than those of Preference teeth. Regarding chipping resistance,
the 3D printed resin teeth were not different from Surpass and SR-Orthosit-PE, and were lower
than Premium-8 and Preference teeth. The 3D printed resin teeth exhibited vertical fracture of the
loaded cusp without deformation in chipping. The 3D printed resin teeth showed simultaneous
fracture of two cusps in indirect tensile fracture, unlike other teeth. The results of this study suggest
that 3D printing technology using resin materials provides adequate fracture resistance for denture
artificial tooth use.
Keywords: 3D printing; CAD/CAM; resin; denture; fracture
1. Introduction
Computer-aided design/computer-aided manufacturing (CAD/CAM) systems are widely used
in dentistry, mainly for the fabrication of inlays, crowns, fixed partial dentures, and implant prostheses.
Recently, CAD/CAM technology has been applied to fabrication of complete dentures, offering many
advantages to dentists and patients over conventional complete dentures [1]. It allows a reduced
number of appointments, and spare dentures are more easily available, as digital data are saved [2].
In addition, the laboratory work can be completed more conveniently and cost-effectively than by the
traditional methods [3].
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One of the pioneer CAD/CAM manufactured dentures for the treatment of edentulous patients is
3D printed dentures. The integration of digitalized modeling, computational optimization, and 3D
printing procedures, suggests a novel method for denture design and fabrication [2]. The 3D
printed denture uses additive technology to create a denture following digital design by complete
denture process (Dentca denture; DentcaTM, Torrance, CA, USA). This 3D printing technology for
dentures makes not only denture base, but denture teeth. These 3D printed teeth are made from
methacrylate-based photopolymerized resin that is processed and cured by 3D printing only [4].
Denture artificial teeth and denture base are 3D printed separately, and then the printed teeth are
bonded to the printed denture base using a light-cured bonding agent. Compared to traditional
methods of making dentures by compression molding and hot water processing, 3D printing
technology of manufacturing dentures is a new way and needs to be studied. If this technology is well
studied and developed, 3D printed denture enables more efficient clinical adaptation which minimizes
patient discomfort and potentially reduces long-term residual bone resorption [4]. Despite the many
advantages of CAD/CAM dentures, if they are not well designed, they may show concerns, such as
the short borders of denture bases and a lack of close tissue contact, which reduces retention [5,6].
Additionally, the mechanical properties of 3D printed denture teeth manufactured by CAD/CAM are,
so far, unknown.
Denture artificial teeth have been made chiefly from resin materials. The improvement of dental
resin materials led to successful clinical application. The material grew from an inferior resin restorative,
into the material of choice for both esthetic restorative treatment and removable denture prostheses [7].
This advancement was driven forward by improvements of the material, such as development of new
monomers, filler technologies, and self-healing capacity [8,9]. One of the developments has focused on
the filler systems, leading to improvements mainly in mechanical properties [10]. Composite resin
with fillers was developed in an effort to achieve greater wear resistance than acrylic resin teeth [11],
and to be less abrasive to human enamel antagonists than ceramic teeth [12,13]. Alternative monomers
were adopted to reduce polymerization shrinkage and stress [14,15]. Recently, self-healing materials
were introduced capable of restoring structure stability after damage happens [16]. Durability is
an important property of dental materials, therefore, autonomous healing in oral cavities is highly
desirable [9].
Denture artificial teeth in removable prostheses frequently fracture or chip [17,18]. In particular,
where single complete denture opposes natural teeth or implant-supported overdenture, fracture or
chipping of the denture teeth are very common complications [19]. In studies on implant-retained
complete dentures in edentulous patients, the most frequent complication was fracture of the denture
teeth [18,20]. It was also reported that at least one tooth had been changed due to fracture in 11%
of the treatment cases for 10 years [21]. The current trend of using more implants in removable
prostheses requires artificial teeth with high fracture resistance [1,22–24]. Many manufacturers have
attempted to fabricate denture teeth with improved mechanical properties, including higher fracture
resistance [19,25]. Resin materials provided increased fracture resistance and mechanical properties
through the use of a higher degree of cross-linking between the polymers and the use of special
pre-polymers (for example, Premium-8; Heraeus Kulzer GmbH, Hanau, Germany) [26]. The addition
of inorganic fillers to the polymer matrix was used for the improvement of mechanical properties
and wear resistance (for examples, SR-Orthosit-PE, Ivoclar Vivadent AG, Schaan, Liechtenstein;
Surpass, GC Co., Tokyo, Japan) [27,28]. However, as fracture of denture teeth still remains problematic,
there is a need for denture teeth manufactured using novel methods which can endure high load
and force. Many studies on the fracture characteristics of dental restorative materials have been made
on mode I fracture toughness, and studies on mixed mode bond strength have been actively conducted
recently [29–33]. Dental restorations are subjected to combined shear and tensile loads due to forces
from mastication [8,32]. Due to this complexity, some previous studies reported that traditional fracture
criteria did not accurately predict the fracture results of dental materials and new methods such as
extended maximum tangential strain criterion showed more accurate data predictions [34,35].
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Since restorations fabricated and delivered at the dental clinics are not mass-produced but
patient-customized, 3D printing manufacturing of denture artificial teeth is worthy, and this technology
has received more attention. To confirm the clinical application and its effectivity of 3D printing
material, it is necessary to investigate whether it has appropriate physical properties from a clinical
point of view. Biomechanical characteristics of 3D printed denture teeth have not been reported
yet, comparing those of conventionally manufactured denture teeth. Thus, it is required to evaluate
clinical perspective fracture resistance of 3D printed denture teeth compared with conventionally
manufactured denture artificial teeth used in dental field. The purpose of the present study was,
therefore, to compare 3D printed denture teeth with conventional types of denture teeth, in regard to
fracture resistance of chipping fracture and indirect tensile fracture tests. The null hypothesis was that
there would be no difference in the fracture resistance among the denture artificial teeth.
2. Materials and Methods
2.1. Computer-Assisted Designing and 3D Printing for Denture Tooth Specimen Preparation
3D printed denture teeth and four different prefabricated denture teeth were used in this study.
The 3D printed resin teeth were made of methacrylate-based photopolymerized resin (Dentca 3D
printing denture tooth resin; DentcaTM, Torrance, CA, USA), according to the size and shape of the
prefabricated denture maxillary first premolar tooth (Preference; Candulor AG, Glattpark, Switzerland)
(Figure 1).
Figure 1. 3D printed denture artificial tooth manufacturing procedure. (a) Prefabricated artificial
denture tooth to replicate. (b) Original tooth was scanned with desktop scanner. (c) Shape of the
scanned tooth. (d) Digital tooth file was loaded to 3D printer slicing software. (e) Tooth was 3D printed
from the methacrylate-based photopolymerized resin material. (f) Printed tooth was cleaned and cured
in the post-curing machine.
Digital tooth file was uploaded to the 3D-printer software to prepare the pre-processing
information for printing. The resin was poured into a 3D-printer (Zenith 3D-printer; Dentis Corp.,
Daegu, Korea), and teeth were printed layer by layer, also called stereolithography (SLA) technology.
After being 3D printed at a 50 µm layer thickness, the teeth were cleaned with isopropanol and cured
for a further 40 min by immersion into glycerin in the post-curing oven (UV Honle Sol 500; Honle
UV America, Inc., Marlboro, MA, USA) to react the remaining monomers. As conventional types of
prefabricated denture teeth, the maxillary first premolar teeth of Premium-8 (Heraeus Kulzer GmbH),
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Surpass (GC Co.), SR-Orthosit-PE (Ivoclar Vivadent AG), and Preference (Candulor AG) were selected
for the current study (Table 1).
Table 1. Resin denture artificial teeth investigated in this study.*
Product Manufacturer Composition Detail
Dentca denture teeth resin DentcaTM
Methacrylate-based
photopolymerized resin 3D printing
Premium-8 Heraeus Kulzer GmbH MPM-PMMA Mold XS
Surpass GC Co. CLC-PMMA-OFC Mold 30M
SR-Orthosit-PE Ivoclar Vivadent AG Isosit (UDMA and inorganic fillers) Mold N4
Preference Candulor AG PMMA with cross-linking of thepolymer chains Mold 840
MPM, multiplex-polymer-matrix; PMMA, polymethylmethacrylate; CLC, crosslink complex; OFC, organic-inorganic
filler complex; UDMA, urethane dimethacrylate. * According to the manufacturer’s information.
2.2. Chipping and Indirect Tensile Fracture Testing
Chipping and indirect tensile fracture tests were conducted to evaluate the strength from the
clinical aspect of the prepared tooth specimens. Both tests were performed according to previous
studies [24,36–38]. For the chipping test, equipment was designed so that the denture tooth specimen
was located at a specific position, and did not move when receiving chipping force, prototyped by
3D printing and, finally, manufactured into metal (Figure 2). A pilot experiment confirmed that the
tooth specimen was immobilized during the chipping experiment. The loading rod of the equipment
contacting the denture tooth specimen had a hemispherical end that applied a load to the buccal cusp
tip of the tooth by point-to-point contact. The bottoms of the denture teeth were ground to ensure
a height of 7 mm from the base of the tooth to the buccal cusp and 6 mm to the palatal cusp, in order
to apply the force only to the buccal cusp and to prevent the possibility of contact of the palatal cusp
while loading (Figure 2a). The denture tooth specimen was secured to the equipment, which was
mounted on a universal testing machine (Model 4465; Instron, Canton, MA, USA), and loaded at
a speed of 1 mm/min. The load at which the chipping occurred was measured. The test was repeated
10 times for each type of the denture tooth.
Figure 2. Chipping test. (a) Schematic drawing of the equipment manufactured for chipping experiment.
The equipment was made into metal, and designed to apply loads to the buccal cusp tip of the denture
tooth by point-to-point contact. (b) Photograph of a specimen placed for chipping test of this study.
The method used to measure indirect tensile fracture strength is shown in Figure 3. The prepared
denture teeth were embedded with a self-polymerizing resin in cylindrical plastic molds. All embedded
teeth in the specimens had a height of 6 mm from the base of the tooth to the buccal and palatal cusps,
in order to apply the pressing force to surfaces at an equal level (Figure 3a). The specimen was
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positioned and secured to the assembly of the universal testing machine (Model 4465; Instron). A 4 mm
diameter round metal bar was connected to the end of the loading rod of the machine, and fixed during
loading (Figure 3b). The round bar was positioned to touch both cusp-slopes of the denture tooth.
Load was applied at a speed of 1 mm/min until fracture occurred. The load at which the fracture
occurred was measured. Ten samples were tested per each type of the denture tooth.
Figure 3. Indirect tensile fracture test. (a) Schematic drawing. Load was applied between cusps with
a round metal bar to which an upper rod was connected. This was designed to apply force to surfaces
at equal levels. (b) Photograph of a specimen placed for indirect tensile fracture test of this study.
2.3. Qualitative Analysis of the Fracture and Statistical Analysis
After each test, the fractured areas of the specimens were observed with field emission scanning
electron microscopy (FESEM) (Hitachi S-4700; Hitachi, Ltd., Tokyo, Japan). The values from the
groups were compared using one-way analysis of variance with Tukey’s honestly significant difference
multiple comparisons test in SPSS (IBM Corp., New York, NY, USA). The significance level was
set at p < 0.05.
3. Results
The results of the chipping test are shown in Table 2. The load-to-chipping fracture values measured in
Premium-8 (332.82 ± 54.64 N) and Preference (388.87 ± 55.64 N) teeth were significantly higher than those
in the 3D printed resin (89.22 ± 14.87 N), Surpass (89.09 ± 33.75 N), and SR-Orthosit-PE (78.82 ± 25.99 N)
teeth (p < 0.05). Preference teeth showed significantly higher chipping fracture resistance than Premium-8
teeth (p < 0.05). The 3D printed resin, Surpass, and SR-Orthosit-PE teeth did not differ significantly from
each other.
Table 2. Results of the chipping test.
Denture Artificial Tooth Mean Fracture Load in Newtons (SD)
3D printed resin teeth 89.22 (14.87) a
Premium-8 332.82 (54.64) b
Surpass 89.09 (33.75) a
SR-Orthosit-PE 78.82 (25.99) a
Preference 388.87 (55.64) c
Different superscript uppercase letters indicate significant differences between groups (ANOVA followed by post
hoc comparison; significance level 0.05).
The values from the indirect tensile fracture test are shown in Table 3. The values of the
load-to-tensile fracture was 160.28 ± 8.83 N for the 3D printed resin, 88.01 ± 29.05 N for Premium-8,
76.03 ± 13.38 N for Surpass, 98.29 ± 19.62 N for SR-Orthosit-PE, and 241.26 ± 26.34 N for
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Preference teeth. The values of the load-to-tensile fracture were significantly higher in the 3D printed
resin and Preference teeth than those in Premium-8, Surpass, and SR-Orthosit-PE teeth (p < 0.05).
Preference teeth revealed significantly higher tensile fracture values than the 3D printed resin teeth
(p < 0.05). However, the tensile fracture values were not statistically significantly different among
Premium-8, Surpass, and SR-Orthosit-PE teeth.
Table 3. Results of the indirect tensile fracture test.
Denture Artificial Tooth Mean Fracture Load in Newtons (SD)
3D printed resin teeth 160.28 (8.83) a
Premium-8 88.01 (29.05) b
Surpass 76.03 (13.38) b
SR-Orthosit-PE 98.29 (19.62) b
Preference 241.26 (26.34) c
Different superscript uppercase letters indicate significant differences between groups. (ANOVA followed by post
hoc comparison; significance level 0.05).
The failure patterns differed among the denture tooth types, and the fracture patterns showed
a similar pattern within each test group. The fracture patterns after the chipping test consisted of
two types (Figure 4). In 3D printed resin, Surpass, and SR-Orthosit-PE teeth, the fracture started from
the inner incline of the loaded cusp near the loading point and progressed downward (Figure 4a).
For the other, in Premium-8 and Preference teeth, the cusp was depressed and then the crack appeared
at the periphery and spread downward (Figure 4b).
Figure 4. Two aspects of fracture after chipping test (sagittal view). (a) Fracture occurred from inner
incline of cusp and spread downward along tooth wall. (b) Cusp tip was crushed and crack began
around the periphery.
Figure 5 shows FESEM images of the fractured denture teeth after the chipping test.
Vertical fracture or fracture lines initiating from the buccal cusp were seen in the 3D printed resin,
Surpass, and SR-Orthosit-PE teeth, which showed a buccal chipping fracture of the loaded cusp
(Figure 5a,e,g). In Premium-8 and Preference teeth, there was initial deformation, such as a reverse
cone-shaped depression, after which fracture occurred around the loaded buccal cusp (Figure 5c,d,i,j).
Materials 2018, 11, 1798 7 of 13
Figure 5. Scanning electron microscopy images after chipping test (occlusal view).
(a) The 3D printed resin teeth (original magnification × 30); (b) the 3D printed resin teeth
(original magnification × 100); (c) Premium-8 (original magnification × 30); (d) Premium-8 (original
magnification × 100); (e) Surpass (original magnification × 30); (f) Surpass (original magnification × 100);
(g) SR-Orthosit-PE (original magnification × 30); (h) SR-Orthosit-PE (original magnification × 100);
(i) Preference (original magnification × 30); (j) Preference (original magnification × 100). Solid arrow
designates fracture, and border arrow points to deformation.
The fracture patterns after the indirect tensile fracture test consisted of three types (Figure 6).
The denture tooth types manifested different failure patterns, and each sample of a denture tooth
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type exhibited a similar fracture pattern after the indirect tensile test. In Premium-8, Surpass,
and SR-Orthosit-PE teeth, the fracture went down along the center of the tooth (Figure 6a). In the 3D
printed resin teeth, the fracture started from the inner incline of both cusps near the loading point
and spread downward toward cervical area (Figure 6b). In Preference teeth, fracture occurred in the
middle after the dent of the round bar shape (Figure 6c).
Figure 6. Three aspects of fracture after indirect tensile fracture test (sagittal view). (a) Fracture
occurred in the middle of the tooth. (b) Tooth fragments fell off from both cusps near loading point.
(c) After depression due to metal round bar, a center crack began and spread downwards.
FESEM images of the denture teeth after the indirect tensile test are shown in Figure 7. The 3D
printed resin teeth showed a fracture in which buccal and palatal cusp of the teeth samples were
both broken, rather than a fracture along the central groove of the tooth (Figure 7b). By contrast,
a fracture line was seen along the central groove of Premium-8, Surpass, and SR-Orthosit-PE teeth
(Figure 7c,e,g). In Preference teeth, deformation, such as a round-shaped depression, occurred initially,
after which the tooth fractured along the central groove, similar to the fractures in Premium-8, Surpass,
and SR-Orthosit-PE teeth (Figure 7i,j).
Figure 7. Cont.
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Figure 7. Scanning electron microscopy images after the indirect tensile test (occlusal view).
(a) The 3D printed resin teeth (original magnification × 30); (b) the 3D printed resin teeth
(original magnification × 100); (c) Premium-8 (original magnification × 30); (d) Premium-8
(original magnification × 100); (e) Surpass (original magnification × 30) (f) Surpass
(original magnification × 100); (g) SR-Orthosit-PE (original magnification × 30); (h) SR-Orthosit-PE
(original magnification × 100); (i) Preference (original magnification × 30); (j) Preference (original
magnification × 100). Solid arrow designates fracture, and border arrow points to deformation.
4. Discussion
The null hypothesis was rejected because the results according to the denture tooth types
differed significantly. Additionally, fracture modes differed among the denture tooth types,
and influenced fracture resistances significantly. Two damage modes were identified: fracture
without distinct deformation; and fracture after deformation. Various contact responses to loading
indenters have been reported, from the essentially “brittle mode” (crack-dominant) to the essentially
“quasi-plastic mode” (deformation-dominant), which represent the microstructure inherent in the
material [39].
In the chipping test, Preference and Premium-8 teeth showed high fracture strength.
These two types of denture teeth showed deformation, such as cone-type depression, before
fracturing. Figure 5 shows that, after the chipping fracture test, visible quasi-plastic deformation
occurred with well-developed fractures. In the Premium-8 specimen (Figure 5c,d), a surface
depression was seen, and corresponding subsurface cracks were apparent. In the Preference specimen
(Figure 5i,j), the quasi-plastic deformation, at the surface and below the surface, became more apparent.
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However, the other three types of denture teeth, including the 3D printed resin teeth, did not show
this pattern.
In the indirect tensile fracture test, the 3D printed resin and Preference teeth showed high fracture
strength, with Preference specimens showing quasi-plastic deformation before the fracture. The 3D
printed resin, Premium-8, Surpass, and SR-Orthosit-PE teeth did not show quasi-plastic deformation.
In the indirect tensile test, the fracture pattern of the 3D printed resin teeth was different from other
teeth. Simultaneous fracture of buccal and lingual cusps was observed, rather than central line fracture
that occurred in other denture tooth types. There was also no quasi-plastic depression pattern before
fracture in the indirect tensile fracture test. Nonetheless, the fracture strength of the 3D printed resin
teeth was as high as that of the teeth with quasi-plastic depression. This may be because other denture
teeth are formed from a combination of different materials, such as enamel material, dentin material,
etc., while the 3D printed resin tooth is made entirely of the same material by 3D printing.
In this study, the denture teeth with a quasi-plastic deformation pattern prior to fracture had
higher fracture resistance than those without this pattern. The result seems to be due to the deformed
shape of the teeth before they broke, which could withstand the load for a longer period of time.
In a previous chipping fracture test of conventional denture tooth materials, large deformations were
noted in soft materials [40]. In that study, the material with the highest hardness showed the weakest
edge-chipping resistance. Bulging deformation and initial tooth split before the main piece chipped
off were also exhibited; this was similar to the results of the present study. Characteristically, stiff
materials exhibited a more sudden loss of strength than the quasi-plastic materials [39,41].
Ceramic denture teeth are now rarely used; however, denture teeth or bases still chip or
fracture [21]. Fracture and separation of the denture teeth are also a frequent complication in other
types of removable prostheses, such as implant-supported prostheses [42,43]. Denture tooth fracture
is related to various factors. The durability and strength of denture prostheses were influenced by
the chemical composition of the teeth and the denture base [44]. In that study, fractures reportedly
occurred in the denture tooth itself (cohesive fracture) rather than between the denture base and the
tooth (adhesive fracture). Thus, fractures were mostly affected from fracture strength of the denture
teeth themselves [22]. Denture teeth are mainly composed of polymethylmethacrylate (PMMA) or
urethane dimethacrylate (UDMA) resins. The minor components of each type of denture tooth and the
size and amount of the filler vary [45]. There have been few other studies on the biomechanical aspects
of 3D printed resin teeth. Dentca 3D printing denture teeth resin is a material developed specially
for additive manufacturing. 3D printing of denture teeth is a novel method and uses new materials,
therefore, it is necessary to evaluate whether it can be used clinically. In this study, the 3D printed resin
denture teeth were compared with prefabricated resin denture teeth currently used in the dental field.
The results of this study showed that the 3D printed resin teeth had comparable fracture resistance to
some of the conventional prefabricated denture teeth.
One of the goals of material development is to produce materials that are better able to withstand
the environmental conditions applied. Effort was carried out in defining a practical and theoretically
testing framework [8,46]. Different fracture tests, such as three-point or four-point bending, have been
employed, so far. However, it was reported that the traditional fracture criteria without considering
T-stress was not accurate for estimating the crack kinking angles [31]. The extended maximum
tangential strain criterion, which takes into account the effect of T-strain as well as the singular strain
terms, was suggested to obtain more accurate predictions for the mixed fracture mode of dental
restorative materials [34,35,47]. To investigate the physical properties of dental restoration, it would be
better to measure fracture energy. If 3D printing technology develops and multi-layer artificial teeth
can be additively manufactured in the future, further elaborate study is required to carry out through
fracture energy analysis. Previous studies have compared the mechanical properties of various types
of conventional denture teeth [20,22,36,40,42,48,49]. However, the various tests did not provide a full
description of the fracture of denture teeth [50]. The chipping fracture and the indirect tensile tests used
in this study were previously used to examine the mechanical strengths of denture teeth. In chipping
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experiments, the load was applied directly onto the cusp of tooth with an indenter using a universal
testing machine, and the load at which chipping occurred was measured and compared [24,36].
Some quantitative indirect tensile fracture strength tests, in which force was applied directly onto
buccal and lingual slopes of tooth, have also been described, and fracture strength (N) was recorded
as the load at fracture [36–38]. Additional material studies are required on the physical properties
of dental restorations manufactured by 3D printing with CAD/CAM. Further studies are needed to
determine whether mechanical properties of the 3D printed resin teeth can support long-term oral
functions to verify the long-term usefulness of the 3D printed teeth. Dynamic cyclic loading with
suitable testing devices is also needed to prove the biomechanical stability of the 3D printed resin
artificial teeth in the future.
5. Conclusions
3D printing combined with CAD/CAM methods can automate fabrication of dentures. The 3D
printing technology for dentures makes not only denture base but denture teeth. Chipping strength
and fracture resistance of the 3D printed resin artificial teeth should be established to address main
complications associated with the dentures. The 3D printed resin teeth and four different prefabricated
denture teeth were compared through chipping and indirect tensile fracture tests. The prepared
denture teeth showed differences in the chipping strength and the indirect tensile fracture resistances,
but the 3D printed resin teeth had fracture resistance and biomechanical pattern comparable to the
conventionally prefabricated denture teeth. Within the limits of this in vitro study, manufacturing
denture teeth with resin materials by 3D printing can be applicable in a dental clinical context.
Author Contributions: Conceptualization, J.-H.L.; Methodology, J.-M.P., J.-S.A. and J.-H.L.; Software, J.-M.P.
and T.-H.K.; Validation, T.-H.K. and J.-H.L.; Formal Analysis, Y.-J.C. and T.-H.K.; Investigation, Y.-J.C. and
J.-S.A.; Resources, J.-H.L.; Data Curation, J.-M.P. and H.-S.C.; Writing—Original Draft Preparation, Y.-J.C. and
J.-H.L.; Writing—Review & Editing, T.-H.K., H.-S.C., J.-S.A. and J.-H.L.; Visualization, J.-M.P., T.-H.K. and J.-H.L.;
Supervision, J.-H.L. All authors gave final approval and agreed to be accountable for all aspects of the work.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Kattadiyil, M.T.; Goodacre, C.J.; Baba, N.Z. CAD/CAM complete dentures: A review of two commercial
fabrication systems. J. Calif. Dent. Assoc. 2013, 41, 407–416. [PubMed]
2. Kim, T.H.; Varjao, F. 3D printed complete dentures. Quintessence Dent. Technol. 2016, 39, 141–149.
3. Pereyra, N.M.; Marano, J.; Subramanian, G.; Quek, S.; Leff, D. Comparison of Patient Satisfaction in
the Fabrication of Conventional Dentures vs. DENTCA (CAD/CAM) Dentures: A Case Report. J. N. J.
Dent. Assoc. 2015, 86, 26–33. [PubMed]
4. Chen, J.; Ahmad, R.; Suenaga, H.; Li, W.; Sasaki, K.; Swain, M.; Li, Q. Shape Optimization for Additive
Manufacturing of Removable Partial Dentures—A New Paradigm for Prosthetic CAD/CAM. PLoS ONE
2015, 10, e0132552. [CrossRef] [PubMed]
5. Park, J.H.; Cho, I.H.; Shin, S.Y.; Choi, Y.S. The treatment of an edentulous patient with Denta™
CAD/CAM denture. J. Korean Acad. Prosthodont. 2015, 53, 19–25. [CrossRef]
6. Kim, M.J.; Kim, K.H.; Yeo, D.H. Fabrication of computer-aided design/computer-aided manufacturing
complete denture and conventional complete denture: Case report. J. Dent. Rehabil. Appl. Sci. 2016, 32,
141–148. [CrossRef]
7. Fugolin, A.P.P.; Pfeifer, C.S. New Resins for Dental Composites. J. Dent. Res. 2017, 96, 1085–1091. [CrossRef]
[PubMed]
8. Belli, R.; Wendler, M.; Zorzin, J.I.; Lohbauer, U. Practical and theoretical considerations on the fracture
toughness testing of dental restorative materials. Dent. Mater. 2018, 34, 97–119. [CrossRef] [PubMed]
9. Yahyazadehfar, M.; Huyang, G.; Wang, X.; Fan, Y.; Arola, D.; Sun, J. Durability of self-healing dental
composites: A comparison of performance under monotonic and cyclic loading. Mater. Sci. Eng. C 2018, 93,
1020–1026. [CrossRef]
Materials 2018, 11, 1798 12 of 13
10. Ferracane, J.L. Resin composite—State of the art. Dent. Mater. 2011, 27, 29–38. [CrossRef] [PubMed]
11. Zeng, J.; Sato, Y.; Ohkubo, C.; Hosoi, T. In vitro wear resistance of three types of composite resin denture teeth.
J. Prosthet. Dent. 2005, 94, 453–457. [CrossRef] [PubMed]
12. Abe, Y.; Sato, Y.; Taji, T.; Akagawa, Y.; Lambrechts, P.; Vanherle, G. An in vitro wear study of posterior
denture tooth materials on human enamel. J. Oral. Rehabil. 2001, 28, 407–412. [CrossRef] [PubMed]
13. Ghazal, M.; Albashaireh, Z.S.; Kern, M. Wear resistance of nanofilled composite resin and feldspathic ceramic
artificial teeth. J. Prosthet. Dent. 2008, 100, 441–448. [CrossRef]
14. Feng, L.; Suh, B.I.; Shortall, A.C. Formation of gaps at the filler-resin interface induced by polymerization
contraction stress: Gaps at the interface. Dent. Mater. 2010, 26, 719–729. [CrossRef] [PubMed]
15. Heintze, S.; Zellweger, G.; Grunert, I.; Muñoz-Viveros, C.; Hagenbuch, K. Laboratory methods for evaluating
the wear of denture teeth and their correlation with clinical results. Dent. Mater. 2012, 28, 261–272. [CrossRef]
[PubMed]
16. Diesendruck, C.E.; Sottos, N.R.; Moore, J.S.; White, S.R. Biomimetic Self-Healing. Angew. Chem. Int. Ed. Engl.
2015, 54, 10428–10447. [CrossRef] [PubMed]
17. Andreiotelli, M.; Att, W.; Strub, J.R. Prosthodontic complications with implant overdentures: A systematic
literature review. Int. J. Prosthodont. 2010, 23, 195–203. [PubMed]
18. Bozini, T.; Petridis, H.; Garefis, K.; Garefis, P. A meta-analysis of prosthodontic complication rates of
implant-supported fixed dental prostheses in edentulous patients after an observation period of at least
5 years. Int. J. Oral Maxillofac. Implants 2011, 26, 304–318. [PubMed]
19. Reis, K.R.; Bonfante, G.; Pegoraro, L.F.; Conti, P.C.; Oliveira, P.C.; Kaizer, O.B. In vitro wear resistance of
three types of polymethyl methacrylate denture teeth. J. Appl. Oral Sci. 2008, 16, 176–180. [CrossRef]
[PubMed]
20. Heintze, S.D.; Monreal, D.; Rousson, V. Fatigue resistance of denture teeth. J. Mech. Behav. Biomed. Mater.
2016, 53, 373–383. [CrossRef] [PubMed]
21. Kuoppala, R.; Napankangas, R.; Raustia, A. Outcome of implant-supported overdenture treatment—A survey
of 58 patients. Gerodontology 2012, 29, e577–e584. [CrossRef] [PubMed]
22. Keller, D.; Hammerle, C.H.; Lang, N.P. Thresholds for tactile sensitivity perceived with dental implants
remain unchanged during a healing phase of 3 months. Clin. Oral Implants Res. 1996, 7, 48–54. [CrossRef]
[PubMed]
23. Hammerle, C.H.F.; Wagner, D.; Bragger, U.; Lussi, A.; Karayiannis, A.; Joss, A.; Lang, N.P. Threshold of
Tactile Sensitivity Perceived with Dental Endosseous Implants and Natural Teeth. Clin. Oral Implants Res.
1995, 6, 83–90. [CrossRef] [PubMed]
24. Robison, N.E.; Tantbirojn, D.; Versluis, A.; Cagna, D.R. Failure strengths of denture teeth fabricated on
injection molded or compression molded denture base resins. J. Prosthet. Dent. 2016, 116, 292–299. [CrossRef]
[PubMed]
25. Stober, T.; Henninger, M.; Schmitter, M.; Pritsch, M.; Rammelsberg, P. Three-body wear of resin denture teeth
with and without nanofillers. J. Prosthet. Dent. 2010, 103, 108–117. [CrossRef]
26. Loyaga-Rendon, P.G.; Takahashi, H.; Hayakawa, I.; Iwasaki, N. Compositional characteristics and hardness
of acrylic and composite resin artificial teeth. J. Prosthet. Dent. 2007, 98, 141–149. [CrossRef]
27. Stober, T.; Lutz, T.; Gilde, H.; Rammelsberg, P. Wear of resin denture teeth by two-body contact. Dent. Mater.
2006, 22, 243–249. [CrossRef] [PubMed]
28. Ghazal, M.; Steiner, M.; Kern, M. Wear resistance of artificial denture teeth. Int. J. Prosthodont. 2008, 21,
166–168. [PubMed]
29. Kotousov, A.; Kahler, B.; Swain, M. Analysis of interfacial fracture in dental restorations. Dent. Mater. 2011,
27, 1094–1101. [CrossRef] [PubMed]
30. Chai, H.; Lee, J.J.; Mieleszko, A.J.; Chu, S.J.; Zhang, Y. On the interfacial fracture of porcelain/zirconia and
graded zirconia dental structures. Acta. Biomater. 2014, 10, 3756–3761. [CrossRef] [PubMed]
31. Wang, G.; Zhang, S.; Bian, C.; Kong, H. Fracture mechanics analyses of ceramic/veneer interface under
mixed-mode loading. J. Mech. Behav. Biomed. Mater. 2014, 39, 119–128. [CrossRef] [PubMed]
32. Wang, G.; Zhang, S.; Bian, C.; Kong, H. Interface toughness of a zirconia-veneer system and the effect of
a liner application. J. Prosthet. Dent. 2014, 112, 576–583. [CrossRef] [PubMed]
33. Kosyfaki, P.; Swain, M. Adhesion determination of dental porcelain to zirconia using the Schwickerath test:
Strength vs. fracture energy approach. Acta. Biomater. 2014, 10, 4861–4869. [CrossRef] [PubMed]
Materials 2018, 11, 1798 13 of 13
34. Mirsayar, M.M.; Park, P. Modified maximum tangential stress criterion for fracture behavior of
zirconia/veneer interfaces. J. Mech. Behav. Biomed. 2016, 59, 236–240. [CrossRef] [PubMed]
35. Mirsayar, M.M. On fracture analysis of dental restorative materials under combined tensile-shear loading.
Theor. Appl. Fract. Mech. 2018, 93, 170–176. [CrossRef]
36. Scientific Documentation SR Vivodent®S PE/S DCL, SR Orthotyp®S PE/S DCL. 2016. Available online:
https://www.ivoclarvivadent.com/zoolu-website/media/document/37443/SR+Vivodent+S+PE-+S+DCL
(accessed on December 2016).
37. Nakamura, K.; Harada, A.; Inagaki, R.; Kanno, T.; Niwano, Y.; Milleding, P.; Ortengren, U. Fracture resistance
of monolithic zirconia molar crowns with reduced thickness. Acta Odontol. Scand. 2015, 73, 602–608.
[CrossRef] [PubMed]
38. Tsuyuki, Y.; Sato, T.; Nomoto, S.; Yotsuya, M.; Koshihara, T.; Takemoto, S.; Yoshinari, M. Effect of occlusal
groove on abutment, crown thickness, and cement-type on fracture load of monolithic zirconia crowns.
Dent. Mater. J. 2018. [CrossRef] [PubMed]
39. Peterson, I.M.; Pajares, A.; Lawn, B.R.; Thompson, V.P.; Rekow, E.D. Mechanical characterization of dental
ceramics by hertzian contacts. J. Dent. Res. 1998, 77, 589–602. [CrossRef] [PubMed]
40. Quinn, G.D.; Giuseppetti, A.A.; Hoffman, K.H. Chipping fracture resistance of denture tooth materials.
Dent Mater. 2014, 30, 545–553. [CrossRef] [PubMed]
41. White, S.N.; Zhao, X.Y.; Zhaokun, Y.; Li, Z.C. Cyclic mechanical fatigue of a feldspathic dental porcelain.
Int. J. Prosthodont. 1995, 8, 413–420. [PubMed]
42. Huggett, R.; John, G.; Jagger, R.G.; Bates, J.F. Strength of the acrylic denture base tooth bond. Br. Dent. J.
1982, 153, 187–190. [CrossRef] [PubMed]
43. Carlson, B.; Carlsson, G.E. Prosthodontic complications in osseointegrated dental implant treatment. Int. J.
Oral Maxillofac. Implants 1994, 9, 90–94. [CrossRef] [PubMed]
44. Kawara, M.; Carter, J.M.; Ogle, R.E.; Johnson, R.R. Bonding of plastic teeth to denture base resins.
J. Prosthet. Dent. 1991, 66, 566–571. [CrossRef]
45. Di Giacomo, G.A.; Cury, P.R.; da Silva, A.M.; da Silva, J.V.; Ajzen, S.A. A selective laser sintering prototype
guide used to fabricate immediate interim fixed complete arch prostheses in flapless dental implant surgery:
Technique description and clinical results. J. Prosthet. Dent. 2016, 116, 874–879. [CrossRef] [PubMed]
46. Zhu, X.K.; Joyce, J.A. Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization.
Eng. Fract. Mech. 2012, 85, 1–46. [CrossRef]
47. Mirsayar, M.M. Mixed mode fracture analysis using extended maximum tangential strain criterion.
Mater. Des. 2015, 86, 941–947. [CrossRef]
48. Morrell, R.; Gant, A.J. Edge chipping of hard materials. Int. J. Refract. Met. Hard Mater. 2001, 19, 293–301.
[CrossRef]
49. Cunningham, J.L. Bond Strength of Denture Teeth to Acrylic Bases. J. Dent. 1993, 21, 274–280. [CrossRef]
50. Belli, R.; Petschelt, A.; LohbauerLaboratory, U. Are linear elastic material properties relevant predictors of
the cyclic fatigue resistance of dental resin composites? Dent. Mater. 2014, 30, 381–391. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
